Observation of standard stars is of crucial importance in stellar photometry. We have studied the standard transformation relations of the U BV RI CCD photometric system at the Maidanak Astronomical Observatory in Uzbekistan. All observations were made with the AZT-22 1.5m telescope, SITe 2k CCD or Fairchild 486 CCD, and standard Bessell U BV RI filters from 2003 August to 2007 September. We observed many standard stars around the celestial equator observed by SAAO astronomers. The atmospheric extinction coefficients, photometric zero points, and time variation of photometric zero points of each night were determined. Secondary extinction coefficients and photometric zero points were very stable, while primary extinction coefficients showed a distinct seasonal variation. We also determined the transformation coefficients for each filter. For B, V , R, and I filters, the transformation to the SAAO standard system could be achieved with a straight line or a combination of two straight lines. However, in the case of the U filter and Fairchild 486 CCD combination, a significant non-linear correction term -related to the size of Balmer jump or the strength of the Balmer lines -of up to 0.08 mags was required. We found that our data matched well the SAAO photometry in V , B − V , V − I, and R − I. But in U − B, the difference in zero point was about 3.6 mmag and the scatter was about 0.02 mag. We attribute the relatively large scatter in U − B to the larger error in U of the SAAO photometry. We confirm the mostly small differences between the SAAO standard U BV RI system and the Landolt standard system. We also attempted to interpret the seasonal variation of the atmospheric extinction coefficients in the context of scattering sources in the earth's atmosphere.
I. INTRODUCTION
Many photometric systems have been developed for various astronomical purposes since photoelectric photometry was introduced. A photometric system is defined by the central wavelengths and width of its passbands and its set of standard stars. Photometric systems can be divided into three categories according to the width of their passbands -broad, intermediate, and narrow band system (Bessell 2006) . The 'JohnsonCousins' U BV R C I C system is the most widely used broad-band photometric system.
The U BV photometric system defined by Johnson and Morgan in 1953 was designed around the established MK spectral classification (Johnson & Morgan 1953) . They defined the zero point of all color indices to be those of the bright northern main-sequence star Vega with spectral type A0. Subsequently they published several papers of photoelectric photometric data that comprises the original U BV photometric standard
Corresponding Author : H. Sung star lists. Most of these standard stars are very bright and in addition many variable stars were also included. A few years later, Johnson (1966) extended his photometric system up to mid-IR. The advent of newer and more sensitive and reliable photoelectric detectors in the 1970s and CCDs in the 1990s opened accurate photometry to fainter stars. The original Johnson standards were inappropriate for modern photometry and nowadays the Kron-Cousins R C I C system is widely used instead of Johnson's R J I J because of the more precise standards.
Currently two sets of standard star regions are mainly used in U BV (RI) C photometry. The first is the Eregion standard stars centered at declination −45
• in the southern hemisphere. The other is the Landolt equatorial standard stars. The photoelectric U BV photometry of E-region standard stars were established by A. W. J. Cousins (1978) . It is very closely tied to the Johnson UBV system. The astronomers at the South Africa Astronomical Observatory (SAAO) are continuously improving the accuracy and precision of the E--1 -region stars. The SAAO standard stars are known as the most precise system available currently. However, there are several limitations in the E-region standard stars -the majority are too bright, they lack extremely blue or red stars, and are sparsely distributed. SAAO observers have tried to overcome these limitations. Menzies et al. (1991) (hereafter M91) performed extensive photometry of Landolt's equatorial standard stars as program stars using E-region standard stars. Kilkenny et al. (1998) published additional photometric data for very blue and red stars. Landolt (1973 Landolt ( , 1983 Landolt ( , 1992 ) also published extensive lists of standard stars in the celestial equator. Landolt (1973) was confined to U BV only, but based on Cousins E-region stars. Later Landolt (1983) (hereafter L83) extended his standard system to (RI) C . Owing to the emergence of sensitive two-dimensional detectors, such as CCDs, the necessity of many faint standard stars covering a wide color range in a small field of view was obvious. Landolt (1992) (hereafter L92) is the only available standard star list to meet these requirements. He also observed many blue and red standard stars selected from various catalogues. Recently Landolt (2007) published new standard stars at declination ≈ −50
• . There are several reports on the systematic differences between SAAO and Landolt systems, although Landolt's photometry were based on Cousins standards. Those systematic differences in V − I, B − V , and U − B are discussed in M91, Bessell (1995) , and Sung & Bessell (2000) (hereafter SB00). The differences in (U − B) are sufficiently large that they make it difficult to get reliable physical quantities for early type stars. These systematic differences have arisen through differences in instrumental system passbands and standardization problems associated with a lack of red and blue E-region standards.
Precise standardized photometry cannot be obtained without a detailed knowledge of the photometric system, its standard stars, and the characteristics of the observing site including atmospheric extinction corrections. To investigate the characteristics of the observing site as well as the photometric system of Maidanak Astronomical Observatory (MAO), we observed many standard stars in the celestial equator over the last five years with a Fairchild 486 CCD (hereafter 4k CCD) or a SITe 2000 × 800 CCD (2k CCD), and Bessell U BV RI filters (See Lim et al. 2008 for the characteristics of 4k CCD system). Atmospheric extinction and standard transformation are dealt with in §II. Comparisons between our results and Landolt photometry are made in §III. The characteristics of the atmospheric extinction coefficients are discussed in §IV. We also present variable star candidates from our observations in that section. The summary is given in §V.
II. ATMOSPHERIC EXTINCTION AND STAN-DARD TRANSFORMATION (a) MAO CCD system
All observations were made with the AZT-22 1.5m telescope (f/7.74), 4k CCD or 2k CCD, and Bessell U BV RI filters at MAO. The characteristics of the 4k CCD system can be found in the previous paper (Lim et al. 2008 ).
(b) Observation and Data Reduction
Our observations were mainly made from 2003 August to 2007 September. Twenty five nights were photometric. A total of 2513 measurements (436 in I, 225 in R, 663 in V , 585 in B, 604 in U ) of SAAO standard stars in M91 and Kilkenny et al. (1998) were used to derive atmospheric extinction and transformation coefficients. We also measured the magnitude of Landolt standard stars in the observed images. To get quality data we used an appropriate exposure time for a given standard star. Nevertheless some bright stars were saturated even in short exposure images and some faint stars, especially in U , were too faint to get reliable data.
Pre-processing was performed using the IRAF/ CC-DRED package. All processes for the 4k CCD are described by Lim et al. (2008) . After removing instrumental signatures, we performed simple aperture photometry for standard stars. An aperture of 10 ′′ for the 2k CCD and 14 ′′ for the 4k CCD was used for standard star photometry. Standard stars with good signal-tonoise ratios (ǫ ≤ 0.01) were then used to determine the extinction and transformation coefficients for each filter.
(c) Extinction Coefficient
Atmospheric extinction is caused by absorption and scattering from gas molecules, dust particles and aerosols in the earth's atmosphere. Its value depends primarily on airmass -the line-of-sight length passing through the earth's atmosphere. In addition, since a component of the extinction varies with wavelength, the value of the extinction measured across a wide filter passband will differ depending on the spectral energy distribution of stars. We correct for this effect by looking for a primary or first extinction coefficient that is dependent on airmass but is independent of color, and a secondary extinction coefficient that depends also on color. The secondary extinction coefficient is negligible in V or redder passbands. The magnitude corrected for the atmospheric extinction is given by
where m λ0 , m λ , k 1λ , k 2λ , C 0 , and X are the extinctioncorrected magnitude, observed instrumental magnitude, primary extinction coefficient, secondary extinction coefficient, relavant color index, and airmass, re- The filled and open circles represent the extinction coefficients obtained with the 4k CCD and 2k CCD, respectively. All primary extinction coefficients show an obvious seasonal variation, whereas secondary extinction coefficients are stable.
spectively. In general, we observed many standard regions several times at various airmasses. To ensure a long baseline in airmass we often observed standard stars near the meridian and again at zenith distances of ≈ 60. Although we used four on-chip amplifiers for the 4k CCD to save CCD read-out time, we could find no noticeable difference in photometric zero points associated with them. The atmospheric extinction coefficients presented in Figure 1 and Table 1 for the 4k CCD are therefore the weighted mean values of those determined from the standard stars in each quadrant. The secondary extinction coefficients are only given for U and B, those in V , R and I were too small to be considered meaningful. We plot the extinction coefficients against day of the year in Fig. 1 . Those extinction coefficients obtained with the 2k CCD agree well with those determined with the 4k CCD data.
There are obvious seasonal variations in the primary extinction coefficients in all filters. The coefficients are larger in summer, but smaller in winter. In addition, the extinction coefficients in summer show a large scatter (see §IV(a) for the discussion). The mean extinction coefficients are slightly larger in V and R than those at Siding Spring Observatory (SSO), but in U , B, and I are slightly smaller (SB00). On the other hand, we could not find any seasonal variations in the secondary extinction coefficients, and therefore, observers at MAO can use mean values for the secondary extinction coefficient in U and B.
(d) Transformation Coefficients
Any photometric system is defined by the filters and detectors used in the observations. A slight deviation between the standard magnitudes and atmosphericextinction-corrected natural instrumental magnitudes is expected, and needs to be corrected for to achieve the highest accuracy. Such differences are tracked and corrected for through observation of many standard stars with as full a range of color as possible. The correction term between two systems is called the transformation coefficients, and is related as follow.
where M λ , m λ,0 , η λ , C 0 , α,Û T , ζ λ represent the standard magnitude, atmospheric extinction-corrected instrumental magnitude as defined in equation (1), transformation coefficient, relevant color index, timevariation coefficient, time difference relative to midnight, and photometric zero point, respectively. All parameters are determined by using the weighted least square method (weight = weight f actor/ǫ 2 ). The weight f actor is proportional to the reliability level of standard stars and the relative quality of each night. ǫ is the photometric error.
The final transformation relations for the 2k CCD are shown in Figure 2 , and these coefficients are listed in Table 2 . All transformations to the SAAO system are a straight line or combination of two straight lines. But the transformation relation for very red stars (V − I ≥ 2.0 or R − I > 1.0) is uncertain due to a lack of very red standard stars. We also showed the transformation relation for the 4k CCD in Figure 3 . For B, V , R, and I filters, the transformation to the SAAO standard system can be achieved with a straight line or a combination of two straight lines. However, in U , there is a conspicuous non-linear correction term related to the size of the Balmer jump or the strength of the Balmer lines. Sung et al. (1998) and SB00 also introduced a similar non-linear correction term in the transformation of the SSO U filter. The maximum size of the non-linear correction term is up to 0.08 mag.
The transmission function of the Bessell U filter matches well with the total response function of the original Johnson's U filter and the quantum efficiency of the photomultiplier tube. The non-linear correction term in the U transformation must result from the effective wavelength of the U passband being pushed to far to the red. With most CCD photometry this results from a steep change in the quantum efficiency of the CCD across the U passband, but the average quantum efficiency of a Fairchild 486 CCD chip (Fairchild homepage) is high and nearly flat in U so the passband shift must result from some other optical component cutting off the short wavelength side of the U 4 response (e.g. dewar window).
The necessity of very red standard stars has increased recently as the finding of very red, low-mass objects has become an important topic in astronomy. We tried to determine the transformation relation of I and R for very red colors, but failed because all the red standard stars were saturated even in the shortest exposure time.
(e) Time Variation of Photometric Zero Points
The photometric zero points depend primarily on the light gathering power of the photometric system, i.e. the size and state of the primary mirror and the quantum efficiency of the detectors. In addition, changes in the atmospheric conditions such as a change in water vapor or dust content in the atmosphere or a change in the ozone layer in the upper atmosphere also affects the zero point. It is known that the change in water vapor content affects the extinction at the longer wavelength (mostly I and near-IR), while changes in the thickness of the ozone layer affects the extinction at the short wavelength (U and B) (see SB00 or Sung et al 2001) . Figure 4 shows a typical case of time variation obtained on 2004, August 15. We found that in many cases the time variation of the photometric zero-points at MAO started at evening twilight and ended around midnight (U T = 20 ∼ 21 h ). We made a note in the 8th column of Table 1 if there was a noticeable amount of time variation during the night. 
(f ) Standard Transformation
We transformed the data to the SAAO system using the relations above, and present the results in Table  3 . The data for variable star candidates in Table 5 are not listed in the table. We also plot the residuals relative to the SAAO system in Figure 5 for the 2k CCD and in Figure 6 for the 4k CCD. The number at the bottom of each panel represents the weighted mean value and standard deviation of the residuals (weight = the number of observations). The mean value indicates the difference of zero points of our results relative to the SAAO system, while the standard deviation represents the precision (or reproducibility) of our photometry. In general, the differences in photometric zero point relative to the SAAO system are less than 1 mmag. But in U − B (and V − I from the 2k CCD) the difference is slightly larger ( 3 -3.6 mmag). A somewhat larger difference in the V − I zeropoint of the 2k CCD is probably due to the lack of red standard stars. The slope of the I transformation is strongly affected by the color where the slope changes. Unfortunately only one star with V − I > 1.6 was secured and the 2k CCD was replaced by a new 4k CCD in 2006, June.
For the U − B color, both 2K (CCD data) and 4K CCD data show a similar size zero point offset and a larger scatter. The error in the bottom panel of Figure  2 is mainly due to the error in the M91 photometry, not in ours. At SAAO the 50cm telescope was used for the photometry of standard stars and the quantum efficiency of the photomultiplier tubes was much lower than that of our CCD. As shown in Figure 7 , the errors in U − B of the SAAO data increase rapidly for U ≥ 12, while those in our data are nearly flat down to U ≈ 14. A somewhat larger offset in zero point and a larger scatter between our data and the SAAO data is inevitable. V − I +0.054 ± 0.002 V − I ≤ 1.6 +0.041 ± 0.001 All I 0.000 V − I > 1.6 R − I +0.113 ± 0.018 R − I ≤ 0.75 +0.086 ± 0.002 All 0.000
III. Comparisons with Landolt's Photometry
Small systematic differences between the SAAO system and Landolt's version is well known (M91), and is confirmed by SB00. We compare our data with L83 and L92 in Figures 8 and 9 for the 2k CCD and in Figures 10  and 11 for the 4k CCD. The difference (∆ ≡Landolt -our data) is shown plotted against an appropriate color. In addition, we superimpose the mean line of the systematic difference between the SAAO system and Landolt system from M91. The differences between our data and Landolt's photometry follows well the trend obtained by M91, and therefore we could confirm again the differences between the two systems. This fact indirectly implies that we have reproduced the SAAO system at MAO. We will make some notes on each color in this section.
(a) R − I M91 did not make any comparison with L83, and we did not observe many standard stars in R with the 2k CCD at MAO, therefore we derived the transformation relation only for the 4k CCD. There is no remarkable difference between our data and L83 or L92. The two data sets match well within 2mmag with a standard deviation of 0.01 mag
The difference between the SAAO system and Landolt's data in V −I is not large (less than 0.01 mag) for V −I = 0 -2, but the Landolt data are redder for bluer or redder stars. We could not confirm the difference for red stars (V −I > 2) due to the lack of very red stars in our data. But our 2k data show clearly that L83 data are redder than ours for blue stars, which is the same trend found by M91.
(c) V M91 found that Landolt V data are slightly brighter (about 5 mmag) for B − V ≥ 0.5 and has a color dependency for bluer stars (B − V < 0.5). We could not confirm the color dependency for blue stars from the 2k CCD data. But we could confirm the zero point difference of about 5 mmag (3.6-9.7 mmag). The distribution of ∆V of the 4k data well follows the trend obtained by M91.
(d) B − V
Differences between the two standard systems in B− V shows a sinusoidal-like curve against B − V . As the SAAO system well reproduced the original Johnson's B − V (Cousins 1984) , this implies that Landolt's B filter is more affected by the size of the Balmer jump or the strength of the hydrogen lines. The average zero point difference between our data and L83 or L92 is small, i.e. less than 5 mmag with a standard deviation of about 0.01 mag, but the differences against B − V for both L83 and L92 well follow the trend found by M91. This implies that L92 has the same difference relative to the SAAO system.
(e) U − B Although systematic differences exist between the SAAO system and the Landolt system, the differences in most color indices are quite small (≤ 0.02 mag) for normal stars (B − V ≤ 1.5 or V − I < 2). But the difference in U −B is too large to be ignored. Although the U −B scale of the SAAO system is slightly different from that of Johnson (Cousins 1984) , the difference is very small (about 0.01 mag). The difference therefore between the SAAO system and the Landolt standard is due to the departure of Landolt's U − B from the Johnson standard system color. Such a large difference may cause problems in reddening estimates as well as in determining the temperature of hot stars.
As shown in Figures 5 and 6 , our U − B scale well matches that of the SAAO scale within 3.6 mmag. In addition there is no systematic difference betweem them. We compare our U − B with Landolt values in the lower two panels of Figures 8 -11 . As already con- firmed by SB00, we could confirm the systematic differences in our new data obtained at MAO. The dotted line in ∆(U − B) versus B − V is from M91, and that in ∆(U − B) versus (U − B) is from Bessell (1995) . The difference follows the same trends found by M91 and Bessell (1995) . But for B − V = 0.5 -1.0 the difference seems to be more negative, while for B − V > 1.5 the trend is more positive. Such a larger difference should be confirmed from more observations.
IV. DICUSSION (a) The Characteristics of Atmospheric Extinction
We have already shown the yearly variation of the atmospheric extinction coefficients at MAO in §II. There is an obvious seasonal variation of the primary extinction coefficients. It is valuable to investigate the main source of extinction.
Atmospheric extinction is mainly caused by scattering of light by air molecules and small particles swept up in the earth's atmosphere. The scattering efficiency is a function of wavelength. And therefore the relation Landolt (1983) against an appropriate color index. ∆ represents Landolt (1983) minus the transformed 2k data. The dotted line represents the mean difference between the SAAO system and the Landolt system from Menzies et al. (1991) . The other symbols are the same as Figure 5 . Landolt (1992) . ∆ represents Landolt (1992) minus the transformed 2k data. The other symbols are the same as Figure 8 . Landolt (1983) . ∆ represents Landolt (1983) minus the transformed 4k data. The other symbols are the same as Figure 8 . Landolt (1992) for the stars in Menzies et al. (1991) or Kilkenny et al. (1998) . ∆ represents Landolt (1992) between atmospheric extinction coefficients and wavelength of light can be expressed by
where k(λ), β, and λ represent, respectively, the extinction coefficient, an appropriate constant, and the mean wavelength of filter (Golay 1974) . If the extinction is caused solely by pure air molecules, i.e. Rayleigh scattering, then n = 4. While if the source of scattering is due to aerosol pollutants and fine dust, then n is between 1 and 2. To investigate the seasonal variation of scattering sources we averaged the extinction coefficients for a given season and present them in Table 4 . On 2006, August 22 all extinction coefficients were abnormally large, and these data were excluded in the average. We also drew the mean extinction coefficient against wavelength in Figure 12 . The mean wavelength for each passband was obtained from Bessell (1990) . The starting date of each season is March 21, June 22, September 23, and December 22, respectively. The calculated power n is also presented in the bottom line of Table  4 .
Spring is the worst season for observing at MAO and the number of photometric nights was only two. The resultant power n ≈ 2 may be biased and therefore less meaningful. As already shown in Figure 1 , the extinction coefficients show a large scatter in summer, especially in I and U . Summer at MAO is famous for its many successively clear days during which we can easily see dust lanes in the atmosphere. The summer extinction is consequently strongly affected by the dust and as a result the power n is about 2, which is smaller than that in fall or winter.
In fall and winter, the mean values of the atmospheric extinction coefficients are smaller and the power n is between 2.7 and 2.9 indicating that Rayleigh scattering is the main source of extinction in these seasons. This value is very similar to that at SSO (calculated from the mean extinction coefficients in SB00).
(b) Variable Star Candidates
The constancy of standard stars is very important in precision photometry. If variable stars are included in the observations, larger errors in the extinction coefficients, transformation relations, and photometric zero points are unavoidable. From repeated observations of standard stars, we found several variable candidates.
The criteria of identifying variable candidates observed with the 2k CCD are either a large difference in V (|∆V | ≥ 0.05) relative to the catalogued value or a larger scatter in V (σ V > 0.015 if the number of observations were over 3). We also confirmed the variable candidates observed with the 4k CCD in the same way as for the 2k data for the standard stars in M91 or L92. These variable candidates are listed in Table 5 and the σ V versus V diagram is shown in Figure 13 .
Two known red variables in M91 (BD+1 4774 = BR Psc and GL628 = V2306 oph) were observed only once each, but did not show a large difference in V . Another known variable HD 173637 (= V455 Sct) did show a large difference in V and is listed in Table 5 . -1925 and SA111-1965) were already detected through their variability with the 2k CCD. The candidates showed large standard deviations in both data sets. SA97-345 showed very large standard deviations as well as large differences between our data and the L92 data. The star was observed three times. In 2006 December 26 the star was fainter by about 0.37 mag than on the other days. Other candidates were observed fewer than ten times therefore more observations of these stars are required to confirm the variability clearly.
V. SUMMARY
We observed many standard stars from Menzies et al. (1991) and Kilkenny et al. (1998) at Maidanak Astronomical Observatory in Uzbekistan to derive the standard transformation relations for the AZT-22 1.5m telescope. The results from these observations are as follows.
1) We determined the atmospheric extinction coefficients for photometric nights. The primary extinction coefficients show an evident seasonal variation. We tried to interpret the characteristics of the atmospheric extinction in the context of scattering sources. In the summer, the extinction seems to be strongly affected by the dust in the atmosphere, while in fall and winter, Rayleigh scattering due to air molecules seems to be the dominant source of extinction.
2) We derived the standard transformation relations both for the SITe 2000 × 800 CCD and the Fairchild 486 4k CCD. Transformation to the standard system is mostly possible with one or two straight lines for all bands except for U with the Fairchild 486 CCD where we found a non-linear correction term related to the size of the Balmer discontinuity or the strength of the hydrogen lines.
3) All photometric data were transformed to the SAAO standard system and we found that our data are well consistent with SAAO zeropoints within a few mmag with a standard deviation of about 0.01 mag. In U − B the standard deviation of the differences was somewhat large (0.02 -0.03 mag). Such a large scatter in U − B is very likely due to the SAAO data which was obtained with a small telescope (φ = 50cm). 4) We also confirmed the mostly small differences between the SAAO system and the Landolt version. The differences in V , B − V , V − I, and R − I are systematic, but not very large. But that in U − B is quite large and systematic. The large difference between standard systems in U − B may cause problems in the determination of stellar parameters of early type stars.
5) From repeated observations of standard stars we found large differences or a large scatter in V for some stars. We presented these variable candidates in Table  5 .
